Background: Molecular mechanisms translating effects of folate on metastasis are not clear. Results: Folate restriction inhibits methylation and membrane translocation of Rho GTPases in A549 cancer cells and provides survival advantage in mice with lung cancer. Conclusion: Folate enhances migratory ability and invasiveness of cancer cells through Rho GTPase pathways and promotes metastasis. Significance: This study highlights the interaction between nutrients and metastasis-related signaling.
methyltransferase, results in mislocalization of the proteins to the cytosol (8, 9) .
One of the actin-related downstream targets of Rho GTPases is the actin-depolymerizing factor cofilin, a protein that regulates actin dynamics through depolymerization and severing of actin filaments (10) . Cofilin activity is controlled by phosphorylation at a single serine residue by two LIM kinases (LIMK1 and LIMK2) or testis-specific kinases (11, 12) . The activity of LIMKs, the primary kinases responsible for cofilin phosphorylation, is regulated by a phosphorylation cascade under the control of Rho GTPases (13) . This cascade has been demonstrated in experiments with stimulation of cells by growth factors that led to activation of receptor tyrosine kinases and the subsequent recruitment of Rho GTPase and Rho-associated protein kinase to phosphorylate LIMK and then cofilin (14) . Of note, cofilin is involved in the regulation of migration, locomotion, and metastasis of cancer cells (11) , although the precise relationship between cofilin function and metastasis progression remains obscure.
A growing body of evidence also indicates a role for the human diet in cancer diseases and metastasis (15, 16) . Direct effects of food components on signaling pathways as well as a general concept of nutrient-genome interactions have found experimental support in modern days (17) (18) (19) . The role of one of the essential nutrients, folate, in cancer has been recognized for decades. Indeed, folate abundance is beneficial for proliferation of cancer cells, which require efficient folate pathways to support de novo nucleotide biosynthesis and methylation processes. This is the basis for treatment of malignancies with antifolate drugs targeting folate pathways (20) . For years, it has also been believed that folate supplementation exerts antitumorigenic effects, although later epidemiological studies have failed to provide a definite conclusion regarding the role of folate intake in mediating cancer risk (21) (22) (23) (24) . There is also a lack of knowledge about the role of folate in metastatic disease. We have previously shown that medium folate regulates cellular motility through effects on cofilin-dependent actin dynamics (25) . In the present study, we identified Rho GTPase signaling as an immediate downstream sensor of the folate status in the regulation of cofilin-dependent motility. Our study also demonstrated correlation between dietary folate and metastasis in a mouse model and suggested the Rho/LIMK/cofilin pathway as a mechanism for such effect.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-Media and dialyzed FBS were from Invitrogen. FBS was purchased from Atlanta Biologicals. PDGF-␤ and EGF were obtained from R&D Systems. Other reagents were from Sigma unless otherwise indicated.
Plasmids and Transfection-pEGFP-C3 plasmids carrying cDNA for Rac1, RhoA, or Cdc42 were provided by Dr. Philips (New York University Cancer Institute); intramolecular biosensor plasmid Raichu-1011x (carrying Rac1) was a gift from Dr. Matsuda (Kyoto University). p3XFLAG-CMV-7.1 vector was purchased from Sigma. Rac1 cDNA was cloned from pEGFP-C3-Rac1 into p3XFLAG-CMV-7.1 plasmid and confirmed by sequencing. pCMV6-AC-CALR-mRFP was purchased from Origene. Cells were transfected using Neon Nucleofector (Invitrogen) according to the manufacturer's manual.
Western Blotting and Immunoprecipitation-Cellular lysates in radioimmune precipitation assay buffer containing a protease inhibitor mixture were normalized by the level of total protein and analyzed by SDS-PAGE and immunoblotting with corresponding antibodies. Rac1/RhoA and Cdc42 antibodies (1:200) were from Chemicon and Cytoskeleton, Inc., respectively; all other antibodies were from Sigma. Secondary antibodies conjugated with horseradish peroxidase and the ECL substrate were from Amersham Biosciences and Thermo Scientific, respectively. For immunoprecipitation, cellular fractions (cytosolic and membrane) were incubated with 2 g of RhoGDI antibody (Sigma) for 1 h at 4°C followed by overnight incubation with Protein G-Sepharose 4 Fast Flow (50 l of a 50% slurry) (Amersham Biosciences). Resin was washed three to five times, and pulled down proteins were analyzed by SDS-PAGE and Western blotting with Rac1 antibody.
Gelatin Zymography Assay-MMP-2 and MMP-9 activities were measured using a gelatin zymography assay as described (26) . Conditioned media were concentrated, diluted (1:1) with 2ϫ non-reducing SDS-PAGE loading buffer, and resolved in a 10% (w/v) polyacrylamide gel impregnated with 2 mg/ml gelatin (Bio-Rad). After SDS removal, gels were incubated in developing buffer followed by staining with Coomassie Brilliant Blue R-250 and stain removal until the bands became clear.
RT-PCR-The isolation of mRNA and cDNA synthesis were performed as described (27) . Primer pairs used for amplification of target transcripts in RT-PCR are shown in Table 1 .
Active GTPase Pulldown Assay-The activated Rho GTPase proteins were measured using the Active RhoA, Rac1, and Cdc42 Pulldown and Detection kit (Pierce) according to the manufacturer's directions. Briefly, A549 cells grown on folatedeficient or -proficient media were stimulated with PDGF-␤ (Rac1), EGF (Rho), or calpeptin (Cdc42) for 1 h. Active GTPases were pulled down from cell lysates with GST-Rhotekin Rhobinding domain (Rho) or GST-PAK1 binding domain (Rac1 and Cdc42). Individual GTPases were detected in the pulled down fractions by SDS-PAGE/Western blotting with corresponding antibody.
Transwell Migration and Invasion Assays-Cells were seeded into the upper chamber of a Transwell insert (BD Bioscience) in serum-free medium at a density of 50,000 cells/well. For migration assays, inserts were precoated with 5 g/ml fibronectin (Fisher Scientific). Medium containing 10% FBS was placed in the lower chamber as a chemoattractant, and cells were incu- bated for 24 h in CO 2 incubator. Non-migrating cells were removed from the upper chamber by scraping; the remaining cells were stained with Diff-Quick (Dade Behring, Inc.). Stained cells were counted in 10 random optical fields in three different inserts. Alternatively, adherent cells were fixed with 3% glutaraldehyde and stained with 0.1% crystal violet. After that, cells were lysed with 10% acetic acid (100 -200 l/well) and quantified by colorimetry at 560 nm. Invasion assays were carried out in a similar manner using inserts precoated with extracellular matrix. For these experiments, a Cell Invasion Assay kit (Chemicon) was used according to the manufacturer's protocol.
Confocal Microscopy-Cells transfected with pEGFP-C3 plasmids carrying Rac1, RhoA, or Cdc42 cDNA were stimulated with corresponding Rho GTPase activator (Rac1, 50 ng/ml PDGF-␤ for 10 min; RhoA, 100 ng/ml calpeptin for 20 min; Cdc42, 100 ng/ml EGF for 2 min) after overnight serum starvation. In colocalization experiments, A549 cells grown under folate-proficient or -deficient conditions were co-transfected with pEGFP-C3-Rac1 and pCMV6-AC-CALR-mRFP (endoplasmic reticulum marker). Live cell images were captured and processed using an Olympus FluoView FV10i LIV laser-scanning confocal microscope at the Medical University of South Carolina Cell and Molecular Imaging Core Facility.
Analysis of Base-labile Methylation-Analysis was done essentially as described (28) . A549 cells (70% confluence) were maintained for 3 days on folate-deficient or folate-proficient media and placed in RPMI 1640 medium lacking methionine (Invitrogen) for 1 h. Cells were transfected with pCMV-Rac1-FLAG, seeded in Met-free RPMI 1640 medium supplemented with L-[ 3 H-methyl]methionine (50 Ci/ml) (PerkinElmer Life Sciences), harvested after 24 h, and lysed in radioimmune precipitation assay buffer. Lysates cleared by centrifugation were incubated with anti-FLAG resin for 6 h at 4°C. FLAG-Rac1 was eluted with FLAG peptide. The eluate was resolved in a 15% SDS-polyacrylamide gel, and gel lanes were sliced into 2-mm strips and treated with 1 N NaOH for in-gel hydrolysis of esterified labile methyl groups. Radioactivity released into the liquid phase (alkali-labile methyl groups) was quantified using a liquid scintillation counter (Beckman). Remaining gel slices were neutralized with 1 N acetic acid, and the total protein-incorporated radioactivity (non-labile) was quantified.
Fluorescence Resonance Energy Transfer (FRET) AnalysisActive GTPases were monitored in vivo using FRET analysis as described (29) . To quantify FRET of intramolecular biosensors, a simple ratiometry technique was used. A549 cells grown on folateproficient or -deficient media were transiently transfected with biosensor Raichu-1011x plasmid carrying Rac1. Following overnight serum starvation, time-lapsed imaging was performed. After 6 min of steady state imaging, TGF-containing (10 ng/l) conditioned medium was added to the cells, and data acquisition continued for 32 min. The biosensors containing CFP and YFP as the donor and acceptor, respectively, were excited at a wavelength of 440 nm. The images at 480 (CFP emission) and 535 nm (YFP emission due to FRET) were taken using a Zeiss LSM 510 NLO laserscanning confocal microscope with multiphoton excitation. Images were analyzed using MetaMorph 7.0 software.
siRNA-Stealth siRNA targeting RhoA, Rac1, and Cdc42 as well as negative control Stealth duplexes (Table 2) were purchased from Invitrogen. For each protein, two siRNA duplexes targeting different sequences were tested. They were transfected in A549 cells by electroporation with Amaxa Nucleofector (Lonza) according to the manufacturer's instructions. Cells were collected at 24 -120 h post-transfection, lysed, and analyzed by conventional RT-PCR and Western blot assays for the presence of Rho proteins.
Tail Vein Injection and Bioluminescence Imaging-Fiveweek-old male SCID/beige mice (CB17.Cg-Prkdcscid Lystbg/ Crl, Charles River) were segregated in two groups, 10 animals each. Mice were placed on folate-deficient (0.01 ppm folic acid) or folate-proficient (6 ppm folic acid) diet (Harlan Tekland) 1 week prior to the tail vein injection with A549-luc-C8 cells (Caliper; 5 ϫ 10 6 cells in a volume of 0.1 ml). Total tumor burden in mice was assessed by in vivo bioluminescence measured weekly using an IVIS Lumina Imaging System (Xenogen) 2 min after intraperitoneal luciferin injection. Relative intensities of emitted light were presented as a pseudocolor image ranging from blue (least intense) to red (most intense). Igor Pro software was used to overlay color images of the tumor and the corresponding mouse. Imaging was performed at the Medical University of South Carolina Cell and Molecular Imaging Core Facility. All animals were housed in the Medical University of South Carolina facility, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and the United States Department of Agriculture. All mice were maintained according to the guidelines established by the United States Department of Agriculture and the American Association for Accreditation of Laboratory Animal Care. This project was approved by the Institutional Animal Care and Use Committee of the Medical University of South Carolina.
Assays of Reduced Folate Pools-Fifty milligrams of tissues were homogenized on ice in 1 ml of 50 mM Tris-HCl buffer, pH 7.4 containing 50 mM sodium ascorbate using a Dounce homogenizer and lysed by heating for 3 min in a boiling water bath. In the case of whole blood, 50 l of sample were mixed with 450 l of the same buffer and treated as above. Lysates were chilled on ice and centrifuged for 5 min at 17,000 ϫ g at 4°C. Folate pools were measured in tissue lysates by the ternary complex assay method as we described previously (30, 31) . Folate levels were calculated per milligram of protein measured by Bradford assay or per milliliter of whole blood.
Histopathological and Immunohistochemical Examination of Tumors from Folate-proficient and Folate-deficient Mice-
Mouse tissues harvested at the end point of the experiment were fixed in 10% neutral buffered formalin for 24 h and processed for histological analysis. Five-micrometer sections were mounted on glass slides and stained with hematoxylin and 
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TGCCCAGCTGTGTCCCACAAAGCC (2) eosin or with specific antibody. Mouse antibodies (1:200) for staining of human nucleus (Millipore), phosphocofilin, cofilin, or vimentin (1:100; all from Sigma) were used. Images were captured at 400ϫ using a Nikon Eclipse 80i microscope and NIS-Elements Basic Research software. Images were analyzed with Adobe Photoshop CS5 software, and the number of pixels containing neoplastic cells was measured. Prism 5.0 software was used for statistical analysis.
Statistical Analysis-Statistical analysis was done by the paired Student's t test, 2 test, or two-way analysis of variance test. Overall survival was estimated using a Kaplan-Meier approach, and differences were tested using a log rank test. A p value (calculated using Excel, GraphPad Prism 4, or SAS V9.3) less than 0.05 was considered significant.
RESULTS

Membrane Translocation and Activation of Small Rho
GTPases Are Controlled by Medium Folate-To examine whether folate regulates cellular migration through the control of Rho GTPases, we transfected A549 cells with GFP-tagged RhoA, Rac1, or Cdc42 and treated them with calpeptin, PDGF-␤, or EGF. Confocal microscopy showed that GTPases were localized to cellular membrane in stimulated cells grown on folate-proficient media but remained diffusely distributed in cells grown in folate-depleted media (Fig. 1A) . Cellular fractionation experiments confirmed that folate promotes the translocation of endogenous Rho GTPases to the plasma membrane: levels of Rac1, Cdc42, and RhoA associated with the FIGURE 1. Effects of medium folate on Rho GTPases. A, fluorescent images of A549 cells transiently transfected with GFP-GTPase fusions (translocation to plasma membrane was induced by recombinant PDGF-␤ for Rac1, EGF for Cdc42, and calpeptin for Rho). B, distribution of endogenous GTPases (Western blot) between the cytosol (C) and plasma membrane (M). C, folate depletion decreases active (GTP-bound) GTPases. D, carboxyl methylation of Rac1 (base-labile methyl groups) is dramatically impaired in cells kept on folate-deficient media. E, distribution of endogenous Rac1 between cytoplasm and ER (top and middle panels). The bottom panel shows cytoplasm-localized GDI-bound Rac1 (visualized by Western blotting (WB) with Rac1-specific antibody after immunoprecipitation (IP) with GDI-specific antibody). F, folate depletion leads to ER retention of RhoA, Rac1, and Cdc42. A549 cells kept on normal and folate-depleted media for 3 days were co-transfected with pEGFP-C3-GTPase (green) and pCMV6-AC-CALR-mRFP (red). Images (confocal microscopy) were taken 48 h post-transfection. Error bars represent S.D. ϪFA, folate-free medium; ϩFA, 2.2 M folic acid. membrane fraction were strongly decreased in cells on folatedepleted media compared with cells on regular media (Fig. 1B) . In agreement with the impairment of the membrane translocation, a dramatic decrease in the activation of all three GTPases was evident in folate-deficient cells (Fig. 1C) .
Folate Depletion Impairs Carboxyl Methylation of Rac1 and Leads to Its Retention in ER-
To test whether folate depletion affects Rho GTPase carboxyl methylation, we analyzed the FLAG-tagged Rac1 protein transiently expressed in folate-depleted and control A549 cells. FLAG-Rac1 was pulled down on FLAG-specific antibody after exposure of cells to L-[ 3 H-methyl]methionine in methionine-free medium overnight, and its carboxyl methylation was evaluated as the inclusion of baselabile methyl groups (28) . We observed a drop in radioactivity eluted from the FLAG-Rac1 SDS-PAGE band for the protein pulled down from cells kept on folate-free media (Fig. 1D) , indicating a strong decline in the carboxyl methylation. The loss of carboxyl methylation should prevent the interaction of Rho GTPases with RhoGDI and the extraction from ER into cytoplasm resulting in redistribution of the proteins between the two compartments (32) . In agreement with this notion, we observed a strong shift in the subcellular distribution of Rac1 in cells kept on folate-free media compared with cells kept on standard folate-proficient media with a much higher presence of the protein in ER of the former cells (Fig. 1E, upper panel) . Furthermore, the pulldown assay of Rac1 on GDI showed that these proteins co-immunoprecipitate in folate-proficient but not folate-deficient cells (Fig. 1E, lower panel) . The retention of Rho GTPases in ER of folate-deficient cells was further confirmed by confocal microscopy (Fig. 1F) .
Direct Monitoring of Rac1 Activation in Vivo upon Different Folate Supplementation-To directly address the spatiotemporal activation of Rho GTPases as the function of folate status, we carried out FRET assays using an intramolecular biosensor consisting of YFP-linked Rac1 and CFP-linked binding domain of the Rac1 downstream target PAK ( Fig. 2A) (29) . In this biosensor, the activation-induced conformational changes of the Rac1 portion of the molecule enable its intramolecular interaction with the PAK domain, bringing CFP in close proximity to YFP. Resulting FRET directly reflects the level of Rac1 activation in TGF-␤-treated cells expressing the biosensor (Fig. 2A) . Analysis of time lapse images in our experiments revealed a strong energy transfer in folate-proficient A549 cells within 2 min of TGF-␤ induction with the maximum FRET:CFP signal ratio of 2.1 achieved within 8 min, indicating rapid and robust activation of Rac1 (Fig. 2, B and C) . In contrast, in A549 cells cultured in folate-free media, the response was much slower and weaker, reaching the maximum FRET:CFP signal ratio of 1.65. Of note, Rac1-PAK binding showed diffuse distribution of Rac1 protein in broad areas of the cell (Fig. 2C) . Thus, our data indicated the impaired activation of Rac1 upon folate withdrawal.
Folate Regulates Motility of A549 Cells through RhoA and Rac1 but Not Cdc42-We evaluated the contribution of RhoA, Rac1, and Cdc42 in the regulation of motility of A549 cells in response to folate status. In these experiments, we silenced the proteins using siRNA (two commercial duplexes were tested in each case; Table 2 ). Strong down-regulation of Rac1 and RhoA mRNA was observed when duplexes 2 and 1, respectively, were used, whereas both duplexes were effective in the case of Cdc42 (Fig. 3A) . These duplexes (duplex 1 was selected for Cdc42) also allowed a strong down-regulation of GTPases at the protein level (Fig. 3B) . Of note, GTPase protein levels as well as the efficiency of silencing were not affected by the folate status in the media (Fig. 3A) . We found that silencing of RhoA or Rac1 resulted in a strong drop in the level of phosphorylated cofilin, whereas the silencing of Cdc42 did not produce a notable effect (Fig. 3B) . Furthermore, A549 cells with silenced RhoA or Rac1 demonstrated decreased ability to migrate as well as decreased invasion potential (Fig. 3C) . In contrast, in Cdc42-silenced cells, these parameters were not changed (Fig. 3C ). In agreement with this finding, Cdc42-silenced cells responded to the medium folate withdrawal by a decrease in the level of phosphocofilin and inhibition of migration and invasion in a manner similar to Cdc42-proficient cells, whereas RhoA-or Rac1-silenced cells became insensitive to the lack of medium folate (Fig. 3, B and C) .
Regulation of the Cascade from Rho GTPases to Cofilin Phosphorylation-We have previously demonstrated that medium folate controls the migratory potential of cultured cancer cells through the regulation of phosphorylated cofilin, a major calcium-independent regulator of actin dynamics (25) . In the present study, we have shown that cells on folate-deficient media lack the ability to phosphorylate (activate) LIMK, the key kinase directly phosphorylating cofilin; accordingly, they have extremely low levels of phosphorylated cofilin (Fig. 4,  A and B) . The inability to activate LIMK was associated with the lack of activation of the upstream kinase PAK, which remained mainly non-phosphorylated (inactive) in cells grown on folatedeficient media (Fig. 4, A and B) . In contrast, PAK and LIMK1 were phosphorylated in cells on folate-proficient media upon TGF-␤ treatment (Fig. 4, A and B) . Likewise, levels of phosphorylated proteins in folate-deficient cells were restored upon folate repletion (Fig. 4, A and B) . In these experiments, we applied prolonged treatment with TGF-␤ (24 -72 h) to evaluate the sustained effect of folate on the PAK/LIMK/cofilin pathway. Interestingly, in A549 cells, this treatment activated the phosphorylation of LIMK1 but not LIMK2 (Fig. 4A) , whereas both isoforms can be phosphorylated in response to TGF-␤ (33-35). Table 2 ). The most efficient duplexes were selected for further experiments (Rac1, duplex 2; RhoA, duplex 1; Cdc42, duplex 1). B, levels of cofilin and phosphocofilin 
Folate Promotes Epithelial-Mesenchymal Transition (EMT)-
EMT is viewed as one of the characteristics of the cellular capacity for invasion and metastasis (36) . We induced EMT in A549 cells with different folate status by prolonged treatment with TGF-␤ (24 -72 h), a common approach in these type of experiments (26, 37) . The expression of the epithelial markers E-cadherin and cytokeratin 19 was steady in cells kept on folatefree media but was significantly suppressed in cells on folaterich media (Fig. 4, A and B) . Conversely, the mesenchymal markers fibronectin and vimentin were elevated in folate-proficient cells in a time-dependent manner upon TGF-␤ treatment, whereas folate-deficient cells did not demonstrate the same trait (Fig. 4, A and B) . Accordingly, folate repletion restored levels of EMT markers (Fig. 4, A and B) . Cells grown in folate-depleted media did not show notable morphological changes in response to TGF-␤ and maintained a classic cobblestone (pebble-like) epithelial morphology and cell-cell adhesion (Fig. 4C) . In contrast, cells cultured in regular media acquired more elongated fibroblast-like morphology accompanied by decreased cell-cell contacts upon TGF-␤ treatment (Fig. 4C) . One of the characteristics of mesenchymal cells is their ability to synthesize fibrillar collagen (38) . An evident increase in mRNA levels of collagens I and III was observed in folate-proficient but not -deficient cells in response to TGF-␤ (Fig. 4D) . Gelatin zymography assays further showed the increased expression of two matrix metalloproteinases, MMP-2 and MMP-9, indicative of EMT in folate-proficient cells (Fig. 4E) . Overall, our experiments indicated that folate supports acquisition of a mesenchymal-like phenotype, whereas its deficiency inhibits EMT.
Dietary Folate Promotes Lung Colonization by Cancer Cells and Decreases Survival-
The above findings prompted us to hypothesize that dietary folate might influence metastasis formation. Specifically, they indicated that the dietary folate restriction should inhibit metastasis. To study the effect of dietary folate on metastasis, we injected the lateral tail vein of SCID/beige mice with human lung adenocarcinoma A549 cells stably expressing luciferase. This approach allows the monitoring of tumor progression in live animals with the level of luminescence reflecting the tumor burden (39) . Two groups of mice were used: one kept on a standard rodent chow (6 ppm folic acid) and another kept on a folate-free chow (0.01 ppm folate). A folate-deficient diet significantly decreases blood and intracellular folate levels within the 2-week period (40) . Four reduced folate forms represent the majority of the folate pool in mammalian cells (tetrahydrofolate (THF), 5-methyltetrahy- drofolate (5-CH 3 -THF), 5,10-methylenetetrahydrofolate (5,10-CH 2 -THF), and 10-formyltetrahydrofolate (10-CHO-THF)), whereas in plasma, 5-CH 3 -THF comprises more than 90% of the reduced folate (41). We measured reduced folate pools in blood, lung, and liver using a technique allowing the measurement of major folate forms independent of their polyglutamylation status (30, 31) . We observed that the total folate in blood, represented mostly by 5-CH 3 -THF, was decreased 2.2-fold in mice kept on folate-free chow compared with mice on a typical folate diet (Fig. 5A ). An even higher drop in reduced folates (2.7-fold) was observed in lung of folate-deficient mice (Fig.  5A) . The drop in two pools, 5-CH 3 -THF (involved in methylation pathways) and 10-CHO-THF (involved in the purine biosynthesis pathway), contributed to this effect (Fig. 5A) . In contrast, the total reduced folate in liver of mice on the folate-deficient diet was essentially preserved ( Fig. 5A ; 18% decrease).
One week after injection low but detectable bioluminescence intensity signals (2.6 ϫ 10 5 -5.6 ϫ 10 5 photons/s/cm 2 /steradian) were recorded in the lungs of animals in both groups with a gradual elevation of the number of luminescent cells in the lung area observed between weeks 1 and 4 (Fig. 5B) . These experiments revealed much heavier tumor burden in mice kept on the folate-rich diet (a bioluminescence intensity signal of 3.7 ϫ 10 8 -5.9 ϫ 10 8 photons/s/cm 2 /steradian) than in mice kept on the folate-free diet (a bioluminescence intensity signal below 4.5 ϫ 10 7 photons/s/cm 2 /steradian) at week 5 (Fig. 5, B  and C) . Overall, based on the luminescence intensity, folateproficient mice developed a 10 -20-fold larger tumor burden in lungs than folate-deficient mice in the period of time of 3-4 weeks (Fig. 5C) . The Kaplan-Meier analysis showed a highly statistically significant (p ϭ 0.0005) difference in the overall survival between the two groups with a median life span of 63 days for the mice kept on folate-deficient diet, a 28-day survival advantage over mice that received the folate-fortified diet (Fig.  5D) .
Tumors in Folate-proficient Mice Display Invasive Phenotype and Metastasize to Lymph Nodes-Histopathological examination confirmed that folate-proficient mice developed much bigger and more actively dividing lung tumors (Fig. 6, A and B) . In addition, three of four examined animals on the folate-proficient diet displayed metastases to the popliteal lymph nodes. These metastases were characterized by widespread infiltration of tumor cells in the subcapsular, cortical, and medullary areas and occupied 75-100% of the analyzed lymph nodes (Fig. 6C) . In contrast, only one folate-restricted mouse had a much smaller tumor in the lymph node (Fig. 6C) . In agreement with cell culture experiments, cancer cells in mice fed the folatedeficient diet lost phosphocofilin, whereas the total levels of the protein were not changed (Fig. 6, D and E) . Furthermore, the mesenchymal markers vimentin and fibronectin were significantly higher in tumors from the lungs of folate-proficient compared with folate-deficient mice. In contrast, expression of cytokeratin 19, a marker of an epithelial phenotype, was almost completely suppressed in the lungs of folate-proficient mice, whereas its expression was prominent in tumors from folatedeficient mice (Fig. 6, D and E) .
DISCUSSION
The relationship between dietary folate and cancer is a complex process with the ultimate outcome being a superposition of numerous factors including the form of the consumed vitamin and individual genetic variations (42, 43) . In line with this complexity, epidemiological studies indicated direct as well as reverse correlation between folate consumption and tumorigenesis (44) . In recent years, however, a concern has been raised that folate supplementation can promote cancer disease (45) . Despite the strong attention in the literature to the role of dietary folate in cancer disease, not much is known about the effects of folate on metastasis. Numerous cellular pathways involved in migration depend on the nucleotide supply and methylation processes, which require folate. For example, in rodents, the depletion of folate leads to the hypermethylation and inactivation of the p16 gene (46) , a tumor suppressor implicated in EMT and metastasis (47, 48) . In line with the above assumption, a positive correlation between the migratory ability of cancer cells and folate supplementation as well as the inhibitory effect on such ability of antifolates has been demonstrated (49, 50) . Contrary to those reports, a recent study highlighted the inhibitory effect of folate on the invasiveness of HCT116 cells by the activation of sonic hedgehog pathways (51) . One puzzling result in this study was the promoting effect on migration by the antifolate methotrexate. Although this controversy could be explained by a differential effect depending on cancer type or even perhaps genotypic patterns, it emphasizes the urgent necessity to study the role of dietary folate in metastatic disease in more detail.
Our study has demonstrated that dietary folate affects metastasis through the regulation of the carboxyl methylation of Rho family GTPases RhoA and Rac1 (schematically depicted in Fig.  7) . In this mechanism, folate supplementation promotes metastasis, whereas the dietary folate restriction inhibits this process. Specifically, folate availability allows proper methylation of Rho GTPases, a process enabling their plasma membrane translocation and activation. This is an initial step in a cascade regulating actin-dependent cellular motility. In this cascade, the activation of Rho GTPases leads to phosphorylation and activation of LIMK1, a kinase responsible for the phosphorylation of the actin-depolymerizing factor cofilin. We have shown previously that the loss of phosphocofilin is a key step in the inhibition of migration/invasion by folate stress (25) . The balance between phosphorylated and non-phosphorylated cofilin and the constant cycling between these two forms regulated by LIMKs and several phosphatases affect metastatic potential (11, 52) . In our study, the lack of medium folate disabled the cascade, resulting in the total loss of active (phosphorylated) LIMK1. This in turn prevented rephosphorylation of cofilin, a necessary step to support actin dynamics (53) . Phosphorylation of another member of the LIM kinase family, LIMK2, was only marginally changed upon folate withdrawal, and it was not responsive to TGF-␤ treatment. This, however, could be a result of cell type-specific function of the two kinases.
Of note, another common Rho GTPase, Cdc42, was dispensable in the translation of the folate status to the effects on cellular migration, although its subcellular distribution and activation were as well affected by folate supplementation. RhoA, Rac1, and Cdc42 are prototypical members of the Rho family representing three canonical subgroups (4, 54) . Different Rho GTPases can produce independent as well as redundant effects (4, 54). Specifically, Cdc42 and Rac1 revealed redundant effects toward cell polarization and lamellipodium formation, characteristic processes of mesenchymal motility (55) . At the same time, the function of Rho subfamily members, which control amoeboid motility, antagonizes the effects of Rac and Cdc42 (4, 54) . Of note, stress fiber assembly and contraction are predominantly controlled by the Rho subfamily through the downstream effector Rho-associated serine/threonine kinase (56), whereas both Rac1 and Cdc42, but not RhoA, activate PAK (4, 54) . In line with the actin fiber formation demonstrated in our previous study, phosphorylation of PAK was strongly affected by folate status in the present study. It is possible, however, that the involvement of particular GTPases in the mediation of folate status is cell type-specific. In support of this conclusion, the regulation of the LIMK/cofilin pathway through different GTPases has been reported (33, (57) (58) (59) (60) .
Because folate metabolism controls both the de novo purine biosynthesis and methylation reactions (61) , it could affect the Rho GTPase switch between an active GTP-bound and inactive GDP-bound form (5, 55) as well as the reaction catalyzed by isoprenylcysteine carboxylmethyltransferase, the enzyme responsible for the carboxyl methylation of these proteins. The potential role of folate in Rho pathways was encompassed by a study that demonstrated that the antifolate methotrexate leads to a dramatic decrease of Ras methylation and its mislocalization to cytosol, resulting in a decrease in activation of MAPK/Akt in cancer cells (62) . In line with this study, folic acid prevented the ethanol-induced RhoGDI and gelsolin depletion, thus positively modulating Rho-dependent actin motility (63) . Of note, a recent report demonstrated a different mode of interaction of folic acid with Rho pathways through the effect of the folate receptor on c-Src/RhoGDI (64) . This mechanism, which is downstream of GTPase post-translational modification, inhibited RhoA and associated cellular migration.
Interestingly, the inhibitory effect of the dietary folate restriction on lung colonization was observed at conditions when only a partial reduction in the tissue folate took place. Notably, a rather marginal decrease in the total folate pool was observed in liver, the main organ of folate metabolism. The preservation of the folate pool in the liver indicates that animals on a folate-free diet still have active folate-dependent metabolic pathways. It is well known, however, that the withdrawal of folate from the laboratory diet is not sufficient to deplete this vitamin in rodents because they also obtain folate from their gut microflora, and the induction of severe folate deficiency in mice requires the use of an antibiotic to inhibit intestinal bacteria (65) . Because we did not use an antibiotic in this study, our findings indicate that the metastasis promotion might not be associated with folate per se but rather with the dietary folate oversupplementation.
In addition to stronger lung colonization, the enhanced proliferation of tumor cells in folate-proficient mice could partially account for the increased tumor burden. Indeed, the increased nucleus:cytoplasmic ratio, a well known phenomenon in folate deficiency also observed in our experiments, results from delayed maturation of nuclei associated with the impaired DNA synthesis. However, neoplasia in lymph nodes observed in this study is most likely the result of metastasis of lung tumors, which further argues in support of the effect of folate on metas-FIGURE 7. Pathway regulating metastasis by folate. Rho GTPases anchored in ER membrane through a prenyl group undergo methylation at the C-terminal cysteine by isoprenylcysteine carboxylmethyltransferase enzyme. This process depends on folate, which provides methyl groups (Met) for the reaction through methionine and S-adenosylmethionine biosynthesis. Methylation enables the extraction of GTPases by GDIs from ER membrane and its translocation to plasma membrane upon GTP loading. The GTP/GDP exchange in response to stimuli activates a cascade, which includes subsequent phosphorylation (p) of PAK, LIMK, and cofilin (Cof). The balance between phosphorylated and non-phosphorylated cofilin regulates the reorganization of actin cytoskeleton (G/F-actin cycling) responsible for cellular migration and invasion, key processes in metastasis.
tasis. Of note, our experiments showed that high dietary folate favors EMT, the process commonly viewed as the crucial mechanism for progression of carcinomas to a metastatic stage (2) . EMT is required for local invasion of primary tumors, one of the initial key steps in metastasis formation. The dependence of EMT on folate was further confirmed in experiments with cultured cells that demonstrated that epithelial markers were down-regulated and mesenchymal markers were up-regulated in cells grown on folate-rich media compared with cells grown on folate-free media. Of note, in mammalian cells, folate depletion has been shown to produce hypermethylation of the promoter region of the H-cadherin gene, resulting in its transcriptional silencing (66) . Importantly, in our experiments, secondary metastases to lymph nodes were observed in mice on a folate-proficient but not a folate-deficient diet.
Overall, our study provides experimental evidence for a mechanism of metastasis promotion by dietary folate and underscores the potential danger of folate oversupplementation for cancer patients. Although it is unlikely that dietary folate serves as a metastasis-initiating factor per se, its availability could be an essential factor to support metastasis-related processes. The extent to which this mechanism affects metastasis perhaps can vary in different tumor types and can be modified by other folate-dependent or folate-independent mechanisms. On a more general note, these findings highlight the interaction between nutrients and metastasis-related signaling.
